. Oligos (Eurogentec and Integrated DNA technology) used to construct the short DNA hairpin (SH). LNA modified bases are indicated in red.
condition. The expected primer extension rates for a polymerase with kinetic step sizes of n = 1 nt (green line), n = 2 nt (blue line) and n = 3 nt (red line) were calculated using Equation (S1) with V max = 310 nt/s and ∆x(f) measured in Supplementary Figure S2 . The calculated primer extension rate for a polymerase with a kinetic step size of 1 nt best approximated the experimentally measured primer extension rate.
Supplementary Figure S4 . Analysis of primer extension synthesis by the wt T7 holoenzyme. (A)
Experimental traces (left panel) and distribution of rates (right panel) corresponding to primer extension activity for the wt T7 holoenzyme at 7.5 pN (blue) and 10 pN (red) applied force. The holoenzyme displayed short pauses at moderate applied forces (F = 7.5 pN) and longer pauses at large applied forces (F = 20 pN). (B) The wt T7 holoenzyme primer extension rate (excluding pauses), is shown as a function of the applied force (green x). Error bars are the s.e.m. The number of molecules and enzymatic traces analyzed varies between N mol = 7 -19 depending on the force condition. The expected primer extension rates for a polymerase with kinetic step sizes of n = 1 nt (green line), n = 2 nt (blue line) and n = 3 nt (red line) were calculated using Equation (S1) with V max = 610 nt/s and ∆x(f) measured in
Supplementary Figure S2 . The calculated primer extension rate for a polymerase with a kinetic step size of 1 nt best approximated the experimentally measured primer extension rate. therefore, we could not repeat the same analysis presented for the wt T4 holoenzyme to extract information about DNA-holoenzyme conformational changes along the primer transfer reaction.
Supplementary

SUPPLEMENTARY TEXT
Force dependence of the holoenzyme primer extension rate
The primer extension activity of both the T7 and T4 holoenzymes depended on the applied force ( Supplementary Figures S3 and S4 ). Above ~6 pN of applied force, the primer extension rate is expected to follow the Arrhenius force-dependence:
where n corresponds to the polymerase kinetic step size, ∆x(f) is the difference in molecular extension per base between ssDNA and dsDNA (Supplementary Figure S2A) , and V max is the maximum rate of the enzyme complex (11, 12) . Using this relationship, we computed the expected primer extension rate assuming several different kinetic step sizes for the T4 and T7 holoenzymes (Supplementary Figures S3 and S4, respectively); in each case the calculated primer extension rate for a polymerase with a kinetic step size of 1 nt best approximated the experimentally measured primer extension rate as a function of force,
.
Previous studies on the T7 holoenzyme or the Klenow polymerase have reported much larger kinetic step sizes of 2 -4 nt (11, 12) . This discrepancy might arise from the different methods used to measure the primer extension rate. In this study, we have selectively measured the primer extension rate in regions of the data traces displaying active polymerization and excluded regions displaying enzyme pausing. However, using an average primer extension rate that includes pauses would result in a much stronger force-dependent decrease in the primer extension rate leading to larger estimations of the kinetic step size.
T4 holoenzyme strand displacement kinetic model
The kinetic scheme proposed for the T4 primer transfer reaction in the strand displacement configuration (shown in Figure 4A 
For the exo-T4 holoenzyme case, we consider the same system as defined by the set of master equations (S2), but with an inactive exo state ( = 0). Therefore, the mean strand displacement rate for the exo-T4 holoenzyme can be written as:
At high forces, k -1 >> k 2 and DNA synthesis is highly favoured over DNA degradation, i.e. p exo ~ 0. Under these conditions, the stationary probabilities of the elongation branch including the pol, I and ip states can be written as: 
The mean strand displacement rate for the elongation branch is given by:
At low forces, DNA degradation is highly favoured over DNA synthesis (p pol ~ 0) and the stationary probabilities of the degradation branch including the exo and I states can be approximated as:
The mean strand displacement rate in the degradation branch is given by:
Extracting kinetic rates
The mean residence time of each state was used to determine the overall kinetics of the primer transfer reaction in the strand displacement configuration. The sum of the exit rates for each state determined its mean lifetime:
Using these relations together with Equation (1) in the main text, we calculated the individual rates in the reaction scheme as: ,
Estimating equilibrium constants and kinetic rates at zero force
The state frequencies between different DNA-holoenzyme conformations i and j, C -H , at force f is given by:
, where R -(!) and R H (!) are the free energies of the DNA-holoenzyme configuration i and j, respectively. In particular, for the state frequency C ., we can write:
where G I and G pol are the free energies of the polymerase in the I and pol states in the absence of force;
d 1 is the distance change in the DNA molecular extension when the polymerase switches from state I to state pol at a given force; n 1 is the number of base pairs reformed in the pol→I transition and is given by 
where R in this case is the entropic cost associated with the stretching of the n 2 nucleotides of ssDNA of the 5′ strand and n 2 nucleotides of dsDNA of the 3′ strand and is given by
, with 1 XY (!) being the extension of dsDNA per base pair at a given force f. Linear fits to the ln (C ., (!)) data ( Figure 4B) The state frequency C -, is not dependent on the applied force ( Figure 4B ). This implies that the transition between pol and i p does not generate changes in the DNA molecular extension. Therefore, we can write:
The same analysis can be proposed for the kinetic rates between states I and j, which satisfy: Table S3 .
Supplementary Table S2 . Parameters obtained from the state frequencies analysis fit to Equation (2) in the main text for strand displacement synthesis and Equations (S12-S14) for primer extension. 1.9 ± 0.5 2.5 ± 0.8 (1.1 ± 0.5)10 2
Strand Displacement Primer Extension
